Charge dynamics in the normal state of the iron oxypnictide superconductor LaFePO 



OO 
O 

o 

(N 

as: 
s ■ 

< 

(N 



c ■ 
o ■ 
o , 
i 

u • 

=3 : 

c3 ■ 



O 

o 



> 

OO 

-si- 
r- 
en 

OO 

o 

OO 

o 



X 



M. M. Qazilbash*, J. J. Hamlin, R. E. Baumbach, M. B. Maple, and D. N. Basov 
Physics Department, University of California- San Diego, La Jolla, California 92093 

(Dated: August 27, 2008) 

We present the first infrared and optical study in the normal state of afe-plane oriented single 
crystals of the iron-oxypnictide superconductor LaFePO. We find that this material is a low car- 
rier density metal with a moderate level of correlations and exhibits signatures of electron-boson 
coupling. The data is consistent with the presence of coherent quasiparticles in LaFePO. 

PACS numbers: 74.25.Gz, 74.25.Fy 



The recent discovery of superconductivity in the iron 
oxy-pnictides promises to be an important milestone in 
the field of superconductivity [j], Q ■ Here is a new class 
of quasi-two-dimensional materials with a layered struc- 
ture and relatively high superconducting T c values 0, 0| 
rivalling the doped superconducting cuprates. Electronic 
conduction is believed to occur in the iron-pnictogen lay- 
ers Q, similar to the cuprates where the charge carriers 
are delocalized in the copper-oxygen planes. While main- 
taining the cuprates as the benchmark for judging the 
new family of iron-based superconductors, it is worth- 
while to note that the high superconducting transition 
temperatures are not the only puzzling features of the 
cuprates. Their normal state properties are unconven- 
tional and include pseudogap features, strong-coupling 
effects, charge-spin self-organization, and bad metal be- 
havior H. Superconductivity arises from the Cooper in- 
stability of this anomalous metallic state of the cuprates. 
It is therefore imperative to investigate and understand 
the normal state of the iron-oxypnictide superconductors, 
especially their in-plane properties. Access to in-plane 
properties without contamination by the inter-plane re- 
sponse is only possible by studying single crystals. 

In this Letter, we report on the infrared and optical re- 
sponse in the normal state of single crystals of LaFePO, 
the first superconducting iron-oxypnictide to be discov- 
ered [l| . The afr-plane infrared data allow us to examine 
the dynamical properties of the charge carriers in the 
iron-pnictogen layers. We find that LaFePO is a low- 
carrier density, moderately correlated metal with well- 
defined quasiparticles. Moreover, we find evidence of 
electron-boson coupling in the optical quasiparticle self- 
energy, demonstrating that many-body effects cannot be 
neglected. 

The LaFePO crystals were grown by a flux method 
whose details are given in Ref.6 : . Resistivity and magneti- 
zation measurements reveal a superconducting T c of « 6 
K, with complete Meissner shielding in the superconduct- 
ing state. The crystals are platelets, typically 0.5 mm x 
0.5 mm x 0.05 mm in size. The a6-plane reflectance 
was measured in the near-normal incidence geometry in 
a Bruker v66 Fourier Transform Infrared Spectrometer 
at frequencies between 100 cm -1 and 24000 cm" . The 
reflectance measurements were performed at the follow- 



ing temperatures: 298 K, 250 K, 200 K, 150 K, 100 K, 50 
K, and 10 K. We obtained the optical constants through 
fitting the reflectance data with Drude and Lorentzian 
oscillators, and Kramers-Kronig constrained variational 
dielectric functions as described in Ref0. In addition, 
variable-angle spectroscopic ellipsometry was performed 
in the frequency range 5500 cm -1 and 25000 cm -1 which 
improves the accuracy of the extracted optical constants 
in this frequency range. 

The temperature dependence of the a6-plane re- 
flectance of LaFePO crystals is displayed in Fig[TJ This 
material is a very good metal as attested by the high val- 
ues of the reflectance (> 95%) at low frequencies. Two 
prominent hump-like features between 5000 cm -1 and 
15000 cm -1 are likely due to interband transitions. In 
Fig|2j we present the real part of the optical conductiv- 
ity ai(u>) over a broad frequency range. There is a clear 
Drude-like feature at low frequencies followed by two 
prominent inter-band transitions centered at 7100 cm -1 
and 13000 cm -1 . A weaker interband transition centered 
at 3700 cm -1 becomes more evident in the <7i(u>) data 
obtained at T = 10 K. On the basis of band-structure 
calculations, we assign these interband transitions to the 
bands formed by the 3d orbitals of Fe Interest- 
ingly, the Drude part of the conductivity that represents 
intra-band excitations is well-separated from the higher- 
lying inter-band transitions. Such a separation is not usu- 
ally evident in strongly correlated metals, specifically in 
most cuprates [5] . The difficulty in separating the Drude 
part from the interband transitions in the cuprates arises 
from the strong incoherent contribution to the conduc- 
tivity in the mid- infrared frequency range 

A plasma frequency lo p of 14900 cm -1 for the delo- 
calized charge carriers is obtained by integrating the low 
frequency part of <Ji{u>): uip = 8 J Q C <Ti(u))du>. A cut-off 
frequency io c = 3000 cm -1 was chosen above which inter- 
band transitions begin to dominate the optical response 
of this system. The frequency-dependence of the spec- 
tral weight associated with oi(w) is plotted in the inset 
of Fig[2]in two ways: as the effective number of charge 
carriers per formula unit N e ff(u>) participating in the 
optical transitions and as an energy K(u>) fill ]. 
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FIG. 1: (color online): Plots of aft-plane reflectance of single 
crystal LaFePO as a function of frequency for several repre- 
sentative temperatures. 



K{U>): 
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hco f u 2Ti 



ai(cj')duj' (1) 
oi((jj')duj' (2) 



In the above equations, m e is the bare electron mass, 
V is the volume of the unit cell per formula unit, and 
Co is the c-axis lattice constant. Assuming an intraband 
cutoff frequency of 3000 cm -1 , we estimate 0.16 itiner- 
ant charge carriers per formula unit. The energy K(w) 
at the intraband cutoff uj c = 3000 cm -1 is simply the ki- 
netic energy of the itinerant carriers and is equal to 0.15 
eV. Correlations effects are expected to reduce the ki- 
netic energy compared to the band theory value 
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Therefore, it would be useful to compare the experimen- 
tal value with future band structure calculations for a 
quantitative estimate of the strength of correlations. In 
this context, one ought to mention that the kinetic en- 
ergy in the cuprates near optimal doping is about 0.1 eV 
\12\ and this is generally considered as evidence of strong 
correlations. The kinetic energy in LaFePO is higher 
than in optimally-doped cuprates, even th oug h the effec- 
tive number of itinerant carriers is similar [13} , indicating 
lesser degree of correlations in LaFePO. 

We plot the temperature dependence of the low- 
frequency part of <Ji{oj) in FigO). The Drude-like peak 
at low frequencies becomes sharper and the conductiv- 
ity at the lowest measured frequencies increases with de- 
creasing temperature. The spectral weight is transferred 
from high frequencies to low frequencies with decreasing 
temperature, presumably below our low-frequency ex- 
perimental cutoff. We also clearly observe an anomaly 
in <7\{uj) near 500 cm -1 which becomes more promi- 
nent as the temperature is lowered. In order to gain 
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FIG. 2: (color online): (a) Real part of the aft-plane optical 
conductivity o\ (lo) of LaFePO is plotted as a function of fre- 
quency for T — 298 K and T = 10 K. The inset in panel 
(a) shows the frequency dependence of the effective number 
of charge carriers per formula unit N e ff(u) and the energy 
K(ui) for T — 298 K. (b) Systematic temperature dependence 
of cri(a>). The uncertainty in ai(uS) in panel (b) is less than 
or equal to the thickness of the lines for u) > 350 cm" 1 . How- 
ever, the uncertainty in o"i(w) increases at lower frequencies 
as indicated by the error bars. 



more insight into this feature and to obtain the dynam- 
ical behavior of the charge carriers, we performed the 
extended Drudc analysis 



14j on the real and imag- 



inary parts of the optical conductivity [ai(u)), 02 (w) 
Via the extended Drude analysis, we extract the real and 
imaginary parts of the optical quasiparticle self-energy 
[E° p (ui) ,T,2 P '(to)] which we present in Fig[3^,b. The effects 
of many-body interactions are encoded in E° p (tj),S2 P (w). 
The self-energy is related to the optical conductivity, the 
scattering rate \/t(lj) and the mass enhancement fac- 
tor m*(uj)/mi, (mi, is the band mass) by the following 
equations: 
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We note that in a system like LaFePO in which multi- 
ple bands cross the Fermi energy, the self-energy deduced 
from the infrared data is to be regarded as an average of 
the contributions from the relevant bands. 

The anomaly in ai(u) appears as a kink in the scat- 
tering rate at « 500 cm -1 for all measured temperatures 
between 298 K and 10 K. This kink has a weak tempera- 
ture dependence - it becomes only marginally more pro- 
nounced at lower temperatures and the frequency of the 
onset of the upturn in \/t{uS) increases from 450 cm -1 
at T = 298 K to 460 cm" 1 at T = 10 K. The kink in 
the scattering rate appears in the real part of the self- 
energy as a peak centered at w 500 cm -1 (62 meV) seen 
in FigJSjD. The most probable explanation of the kink 
in the scattering rate and the peak in real part of the 
self energy is in terms of the coupling of charge carriers 
to a bosonic mode [H, Infrared data alone cannot 
determine whether the bosonic mode is of phononic or 
magnetic origin. The kink in 1/t(u>) may, alternatively, 
be due to a pseudogap ,5j. However, this latter inter- 
pretation would be inconsistent with the recent Angle 
Resolved Photoemission Spectroscopy (ARPES) data on 
single crystals of LaFePO where the pseudogap is not 
seen [151 ] . The electron-boson coupling features iden- 
tified in our infrared studies warrant further investiga- 
tion by other spectroscopic probes, for example, ARPES 
with higher energy resolution, tunneling spectroscopy 
and neutron scattering. We note here that ARPES data 
on single crystals of the related iron-arsenide supercon- 
ductor (Sr/Ba)i_2;K x Fe2As2 reveals kinks in the disper- 
sion (energy range 15-50 meV) which appear to be related 
to the energy scales of magnetic excitations 
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Above the kink feature, the scattering rate increases 
monotonically with frequency. Electron-phonon scatter- 
ing theory predicts a constant, frequency-independent 
scattering rate above the cutoff of the phonon spectrum 
[H,[l!|. Calculations of the phonon spectrum for LaFePO 
are not yet available. However, the cutoff is not likely to 
exceed 600 cm -1 inferred from calculations on the iron 
oxy-arsenides 
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Therefore, the absence of satu- 
ration of l/r(u>) in LaFePO suggests that in addition 
to electron-phonon scattering, there are other scatter- 
ing channel(s) presumably arising from electronic corre- 
lations. The available experimental data on LaFePO sug- 
gests this material is close to a spin density wave (SDW) 
instability [20j although there is no evidence yet for an 
SDW ground state 1211 . We note that partial nesting of 
the Fermi surface |l5l. |20| and/or coupling to magnetic 
excitations 3, 21] may explain the monotonic increase 
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FIG. 3: (color online) Panels (a) and (b) respectively dis- 
play the frequency dependence of the imaginary part of the 
optical quasiparticle self energy -2E2 P (w) [or scattering rate 
1/t(w)], and the real part of the optical quasiparticle self- en- 
ergy -2£j p (w) for representative temperatures in the normal 
state of LaFePO. The dashed line in panel (a) represents the 
equation ujt — 1. The inset in panel (b) shows the temper- 
ature dependence of the mass enhancement factor in the low 
frequency limit m*(uj — » 0)/mt- 



of the frequency-dependent scattering rate of the quasi- 
particles. The scattering rate for LaFePO at the lowest 
measured temperature T = 10 K is close to or below 
the line lot = 1 at low frequencies (see FigJ5^,). Within 
conventional Fermi Liquid Theory, the lot — 1 line sep- 
arates well-defined quasiparticles from incoherent exci- 
tations [l9[ • The data imply that well-defined quasi- 
particle excitations exist in LaFePO, consistent with the 
observation of deHaas-vanAlphen oscillations in all the 
Fermi surface pockets [20| . 

The mass enhancement factor (to — > 0) at T = 10 K 
is 1.5 ± 0.1 which is in reasonably good agreement with 
the factor of nearly 2 obtained from ARPES data and 
deHaas-vanAlphen measurements [l5|, ■ The rather 
modest mass enhancement factor is only weakly depen- 
dent on temperature (see inset of FigJSjD) and these obser- 
vations together suggest a moderate degree of electronic 
correlations. 

It is instructive to compare the normal state infrared 
response of superconducting LaFePO to that of MgB2 
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and the superconducting cuprates. First, the plasma 
frequency of LaFePO is comparable to the values seen 
in doped superconducting cuprates indicating simi- 
lar carrier densities in the two systems. This is in con- 
trast to MgB2, a high carrier density system, where the 
plasma frequency is nearly 48000 cm -1 (w 6 eV) [22| . 
A linear frequency dependent scattering rate is seen in 
many of the cuprates near optimal doping and its origin 
still remains a mystery Q. However, the 1/t(uj) data in 
LaFePO does not show obvious signs of a linear frequency 
dependence. The scattering rate data extracted from 
infrared measurements on under-doped and optimally- 
doped cuprates lie above the lot = 1 line and suggests 
predominance of incoherent excitations [f| over a wide 
frequency range. This is to be contrasted with the pre- 
dominance of quasiparticle excitations in LaFePO whose 
1/t(u>) data resembles what is seen in the over-doped 
cuprates which are considered closer to the Fermi Liquid 
regime [5]. In MgB2, the scattering rate of charge carri- 
ers is significant, mainly due to strong electron- phonon 
coupling [22|]. Hence, we infer that many-body interac- 
tions in LaFePO are weaker than in the under-doped and 
optimally-doped cuprates and MgB2, but cannot be con- 
sidered negligible. 

The cuprates, esp ecially low-doped ones, exhibit bad 
metal behavior [231 ] wherein the resistivity exceeds the 
Ioffe-Regel-Mott (IRM) limit of metallic transport and 
shows no signs of saturation at high temperatures. The 
IRM limit is generally expressed as kpl w 1 (hp is the 
Fermi wavevector and I is the electronic mean free path) 
or I « a (a is the in-plane lattice constant). The IRM 
limit is regarded as a re gim e where the quasiparticle de- 
scription is not valid [a llil |23| . At room temperature, 
the in-plane resistivity (p a b) of LaFePO yields kp I ~ 2 
and this value increases by a factor of 25 just above T c 



24j |. At least at low temperatures, the UfI value is 



well above the IRM limit and therefore indicates that 
the quasiparticle description is applicable in LaFePO. In 
this context, it would be interesting to investigate the 
behavior of the resistivity of LaFePO at elevated tem- 
peratures. 

The picture that emerges for LaFePO is of a low car- 
rier density material with well-defined quasiparticle exci- 
tations leading to robust metallicity. Electronic correla- 
tions, though present, are weaker than in the optimally- 
doped cuprates. Moreover, there is evidence of electron- 
boson coupling in LaFePO. Hence, we classify LaFePO as 
a moderately correlated metal. It would be interesting to 
study the infrared properties of single crystals of the iron- 
arsenide compounds for comparison with our LaFePO 
results, especially the trends in the degree of electronic 
correlations. 

The authors wish to thank O. Shpyrko for discussions, 
and A. Kuzmenko for assistance with the software for in- 
frared data analysis. This work was supported in part by 
Department of Energy Grant No.DE-FG03-00ER45799. 



[2. 
[3; 

[4 

[5 
[6 

[-: 

[9 
[10; 
[11 
[12 
[13 
[14 
[15 

[16 

li- 
tis; 

[19 
[20 
[21 

[22 

[23 
[24 



E-mail: mumtaz@physics.ucsd.edu 

Y. Kamihara, H. Hiramatsu, M. Hirano, R. Kawamura, 
H. Yanagi, T. Kamiya, and H. Hosono, J. Am. Chem. 
Soc. 128, 10012 (2006). 

Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, 

J. Am. Chem. Soc. 130, 3296 (2008). 

Z.-A. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, Z.-C. Li, 

G.-C. Che, X.-L. Dong, L.-L. Sun, F. Zhou, and Z.-X. 

Zhao, Chin. Phys. Lett. 25, 2215 (2008). 

Y. Kamihara, M. Hirano, H. Yanagi, T. Kamiya, Y. 

Saitoh, E. Ikenaga, K. Kobayashi, and H. Hosono, Phys. 

Rev. B 77, 214515 (2008). 

D. N. Basov and T. Timusk, Rev. Mod. Phys. 77, 721 
(2005). 

J. J. Hamlin, R. E. Baumbach, D. A. Zocco, T. A. Sayles, 
and M. B. Maple, J. Phys.: Condens. Matter 20, 365220 
(2008). 

A. B. Kuzmenko, Rev. Sci. Instrum. 76, 083108 (2005). 

S. Lebegue, Phys. Rev. B 75, 035110 (2007). 

R. Che, R. Xiao, C. Liang, H. Yang, C. Ma, H. Shi, and 

J. Li, Phys. Rev. B 77, 184518 (2008). 

V. Vildosola, L. Pourovskii, R. Arita, S. Biermann, and 

A. Georges, larXiv:0806.3285l 

A. J. Millis, A. Zimmers, R. P. S. M. Lobo, N. Bontemps, 
and C. C. Homes, Phys. Rev. B 72, 224517 (2005). 
A. Comanac, L. De Medici, M. Capone, and A. J. Millis, 
Nat. Phys. 4, 287 (2008). 

S. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and 

S. Tajima, Phys. Rev. B 43, 7942 (1991). 

J. Hwang, T. Timusk, and G. D. Gu, Nature 427, 714 

(2004). 

D. H. Lu, M. Yi, S.-K. Mo, A. S. Erickson, J. Analytis, 
J.-H. Chu, D. J. Singh, Z. Hussain, T. H . Geballe, I. R. 
Fisher, and Z.-X. Shen. larXiv:0807.2009l 
L. Wray, D. Qian, D. Hsieh, Y. Xia, L. Li, J.G. Check- 
elsky, A. Pasupathy, K.K. Gomes, A.V. Fedorov, G.F. 
Chen, J.L. Luo, A. Yazdani, N.P. Ong, N.L. Wang, and 
M.Z. Hasan, larXiv:0808.2T85l 

D. J. Singh and M.-H. Du, Phys. Rev. Lett. 100, 237003 
(2008). 

L. Boeri, O.V. Dolgov, and A. A. Golubov, Phys. Rev. 
Lett. 101, 026403 (2008). 

M. M. Qazilbash, K. S. Burch, D. Whisler, D. Shreken- 
hamer, B. G. Chae, H. T. Kim, and D. N. Basov, Phys. 
Rev. B 74, 205118 (2006). 

A.I. Coldea, J.D. Fletcher, A. Carrington, J.G. Analytis, 
A.F. Bangura, J.-H. Chu, A. S. Erickson, I.R. Fisher, 
N.E. Hussey, and R.D. McDonald. larXiv:0807.4890l 
J. P. Carlo, Y. J. Uemura, T. Goko,G. J. MacDougall, J. 
A. Rodriguez, W. Yu, G. M. Luke, P. Dai, N. Shannon, 
S. Miyasaka, S. Suzuki, S. Taji ma, G. F. Chen , W. Z. 
Hu, J. L. Luo, and N. L. Wang, larXiv:0805.2186l 
V. Guritanu, A. B. Kuzmenko, D. van der Marel, S. M. 
Kazakov, N. D. Zhigadlo, and J. Karpinski, Phys. Rev. 
B 73, 104509 (2006). 

V. J. Emery and S. A. Kivelson, Phys. Rev. Lett. 74, 
3253 (1995). 

pab and kpl for a two-dimensional system are related by 
kpl — 2 ? Bc " for a single Fermi surface. For LaFePO with 

^ Pab 

multiple Fermi surface sheets, the kpl value in the above 
equation will be reduced by a factor of about 2. 



